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We investigate the photoproduction of K∗0Σ+ and K∗+Σ0 off the proton target, employing the ef-
fective Lagrangian approach at the tree-level Born approximation. In addition to the (s, t, u)-channel
Born diagrams, we take into account various baryon-resonance contributions such as D13(2080),
S11(2090), G17(2190), D15(2200), S31(2150), G37(2200), F37(2390), and Σ
∗(1385, 3/2+) in a fully
covariant manner. We present the numerical results for the energy and angular dependences for the
cross sections in comparison to available experimental data. The single-polarization observables, i.e.
the photon-beam (Σγ), recoil (Py) and target (Ty) baryon polarization asymmetries are computed
as well for future experiments. We observe from the numerical results that the resonance contribu-
tions play a minor role in producing the strength of the cross sections, being different from the K∗Λ
photoproduction. In contrast, it turns out that the ∆(1232)-pole contribution and K exchange in
the t-channel dominate the scattering process. On the other hand, the higher resonances influence
the polarization observables such as the recoil and target asymmetries.
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2I. INTRODUCTION
Strangeness production via various scattering processes has been one of the most important issues in hadronic and
nuclear physics for decades. From them, we can understand the microscopic mechanism of the productions beyond
the light-flavor sectors and extend our knowledge into multistrangeness states. In this sense, photoproduction of
strange hadrons off the nucleon target is a very useful tool and has been widely studied experimentally as well as
theoretically. For example, experiments for the photoproduction of γN → KΛ and KΣ were reported in Refs. [1–3].
Related theoretical studies were also performed in Refs. [4–7]. In particular, Ref. [4] emphasized the baryon-resonance
contributions, which play important roles in reproducing the experimental data. The effects of the electromagnetic
form factor [5] were also investigated for the photo- and electroproduction of the kaon, the Ward-Takahashi (WT)
identity being explained. It was also pointed out that the tensor-meson exchange in the t channel provides a significant
contribution to kaon photoproduction [6]. An unbiased model selection, based on Bayesian inference, was introduced
for extracting physical information from kaon photoproduction [7]. References [8, 9] examined the t-channel Regge
trajectories to enhance the model applicabilities to actual problems.
Photoproduction of the vector strange meson (K∗) provides even richer physics in comparison with the KY channel.
For instance, since it is a vector meson with quantum number I(JP ) = 1/2(1−), the exchange of the strange scalar
meson κ is allowed in the t channel, which is absent in the KY channel, in addition to (K,K∗) exchanges. Moreover,
the polarization of the K∗ meson in the final state can be taken as an important subject to be investigated together
with other polarization observables in terms of the spin-density matrices. Experimentally, this production channel has
been investigated for γN → K∗Λ(1116) by the CLAS Collaboration at the Thomas Jefferson National Accelerator
Facility (Jefferson Lab) [10, 11], and γN → K∗Σ(1193) by the CBELSA/TAPS Collaboration at the Electron Stretcher
and Accelerator (ELSA) [12], by the CLAS Collaboration [13, 14], and by the LEPS Collaboration at Super Photon
Ring-8 GeV (SPring-8) [15]. These two processes have been extensively studied theoretically within the effective
Lagrangian approaches [16–19], as well as in the chiral quark model [20]. As mentioned above, it was argued that the
κ-exchange should play an important role in the production mechanism of γp→ K∗Σ [17]. Interestingly enough, the
recent LEPS experiment reported the experimental data that supported the importance of the scalar-meson exchange
indeed [15]. Moreover, employing the same theoretical framework, Ref. [19] showed that there were some contributions
from nucleon resonances to reproduce the experimental data of γp→ K∗+Λ.
Considering all these successful and meaningful theoretical results accumulated so far within the effective Lagrangian
method with the resonance contributions taken into account, we want to explore carefully the reaction processes
γp → K∗0Σ+ and γp → K∗+Σ0 in the present work. Although the K∗Σ photoproduction was already studied
theoretically within a similar framework in Ref. [17], we will include various baryon-resonance contributions which
were proven to be essential in the K∗Λ channel [19]. Thus, we introduce the baryon resonances as follows: D13(2080),
S11(2090), G17(2190), D15(2200), S31(2150), G37(2200), and F37(2390) in the s channel and Σ
∗(1385) in the u channel,
in addition to the s channel withN(940)- and ∆(1232)-pole contributions ; the t channel with κ-,K-, andK∗-exchange
contributions ; and the u channel with Λ(1116)- and Σ(1193)-pole contributions. These resonance contributions have
not been taken into account in the previous theoretical work [17] and will be treated in a fully relativistic manner in
the present work, as done for the γp→ K∗+Λ [19].
The coupling strengths for strong and electromagnetic (EM) vertices are computed by using experimental and
theoretical information [21–25]. In order to preserve the WT identity, we employ the gauge-invariant form factor
prescription given in Refs. [26–28]. The cutoff parameters for the form factors are determined in such a way that
the experimental data are reproduced. With these parameters fixed, we compute the total (σ) and differential cross
sections (dσ/dΩ) for the γp → K∗Σ processes. In addition, the single-polarization observables such as those for the
photon-beam (Σ), target (Ty), recoil baryon (Py), are presented as useful theoretical guides for available and future
experiments. Based on the present results, we observe that the resonance contributions play a minor role in producing
the strength of the cross sections, being different from the K∗Λ photoproduction. On the other hand, it turns out that
the ∆(1232)-pole diagram and K exchange in the t channel are dominant in explaining the production mechanism of
γp→ K∗Σ.
The present work is organized as follows: In Sec. II, we explain the general formalism of the effective Lagrangian
methods and show how to fix various model parameters such as the coupling constants and the cutoff masses. The
numerical results are presented and discussed in Sec. III. The last section is devoted to the summary, conclusion, and
future perspectives.
II. FORMALISM
We start with the effective Lagrangian method at the tree-level Born approximation. The relevant and generic
Feynman diagrams for the reaction processes γp → K∗0Σ+ and γp → K∗+Σ0 are shown in Fig. 1, which include
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FIG. 1. Relevant Feynman diagrams for the γN → K∗Σ reactions. N , N∗, ∆, ∆∗, Y , and Y ∗ denote the nucleon, nucleon
resonances, delta, delta resonances, hyperons, and hyperon resonances, respectively, whereas κ, K, andK∗ stand for the strange
scalar, pseudoscalar, and vector mesons, respectively. The four momenta for the initial and final states are also defined, as
shown in the diagrams.
N , ∆, N∗, and ∆∗ poles in the s channel, the K∗, K, and κ meson exchanges in the t channel, and Λ, Σ, and
Σ∗(1385, 3/2+) hyperons in the u channel. The contact-term contribution is necessary for satisfying the WT identity.
For convenience, we assign these two production processes as the K∗0Σ+ and K∗+Σ0 channels, respectively, from
now on. Note that, however, we do not have the K∗ exchange for the K∗0Σ+ channel due to their electrically neutral
vertex of γK∗K¯∗ as far as we ignore the magnetic and quadratic moments of K∗ as in the present work. Consequently,
the contact term is also absent for the K∗0Σ+ channel.
The effective Lagrangians for the Born contributions are essentially the same as those used in Refs. [16, 19]. As for
the photon-meson-meson interactions, we define them as follows:
LγK∗K∗ = −ieK∗Aµ(K∗−νK∗+µν −K∗−µν K∗+ν),
LγK∗K = gγKK∗εµναβ (∂µAν)
(
∂αK
∗
β
)
K¯ + h.c.,
LγK∗κ = gγK∗κFµν κ¯K∗µν + h.c., (1)
where Aµ, K
∗
µ, K, and κ denote the photon, the K
∗(892, 1−), K(495, 0−), and κ(800, 0+), respectively [21]. The
field-strength tensors for the photon and the massive vector meson are defined as Fµν = ∂µAν − ∂νAµ and K∗µν =
∂µK
∗
ν − ∂νK∗µ, respectively. The values for the coupling constants gγK∗K are determined from the experimental
data [21], which lead to
gchargedγK∗K = 0.254GeV
−1, gneutralγK∗K = −0.388GeV−1, (2)
whereas we use the vector-meson dominance model to determine the values of gγK∗κ [29]:
gchargedγK∗κ = −0.119 eGeV−1, gneutralγK∗κ = −2gchargedγK∗κ . (3)
Here e denotes the unit electric charge e =
√
4παE with the fine-structure constant αEM = 1/137.04. As for the κ
meson’s parameters, we use Mκ = 800 MeV for the mass, and Γ = 550 MeV for the decay width value.
The Lagrangians for the photon-baryon-baryon interactions are written by
LγNN = −N
[
eN /A− eκN
2MN
σµν∂
νAµ
]
N,
LγN∆ = e∆µ
[
ig1
2MN
γνγ5 +
g2
(2MN)2
γ5∂ν
]
NFµν + h.c.,
LγΣΣ = −Σ
[
eΣ /A− eκΣ
2MN
σµν∂
νAµ
]
Σ, (4)
where N , Σ, and ∆ stand for the nucleon, Σ(1193, 1/2+), and ∆(1232, 3/2+), respectively, and MN denotes the mass
of the nucleon. Here κB represents the anomalous magnetic moment of the baryon B. The corresponding PDG
values [21] are given as
κn = −1.91, κp = +1.79, κΣ− = −0.16, κΣ0 = +0.65, κΣ+ = +1.46. (5)
4The ∆ field with spin-3/2 is described by the Rarita-Schwinger formalism [30, 31]. We choose the electric and magnetic
couplings as g1 = 4.13 and g2 = 4.74 using the experimental data for the helicity amplitudes [21, 22].
We define the effective Lagrangians for the meson-baryon-baryon Yukawa interactions as follows:
LK∗NΣ = −gK∗NΣ
[
K
∗µ
Σγµ − κK
∗NΣ
2MN
∂νK
∗µ
Σσµν
]
N + h.c.,
LKNΣ = −igKNΣK Σγ5N + h.c.,
LκNΣ = −gκNΣκΣN + h.c.,
LK∗∆Σ = − ifK
∗∆Σ
2MK∗
∆
µ
γνγ5ΣK
∗
µν + h.c., (6)
where Σ = τ ·Σ in which τ indicate the Pauli matrices. The isospin structures of the ∆ vertices in Eqs. (4) and (6)
are given as follows, respectively:
∆I0N, ∆I ·ΣK∗, (7)
where I stands for the isospin transition (3/2→ 1/2) matrices
I− =
1√
6


0 0
0 0√
2 0
0
√
6

 , I0 = 1√6


0 0
2 0
0 2
0 0

 , I+ = 1√
6


√
6 0
0
√
2
0 0
0 0

 . (8)
The strong coupling constants for the meson and octet baryons can be estimated by the Nijmegen soft-core model
(NSC97a) [23], and the corresponding values are presented by
gK∗NΣ = −2.46, κK∗NΣ = −0.47, gκNΣ = −5.32, (9)
whereas we estimate the value of fK∗∆Σ using the quark-model prediction and SU(3) flavor symmetry relation:
fK∗∆Σ = −2MK
∗
Mρ
fρN∆ = −12.8, (10)
with fρN∆ = 5.5 [32]. The value of gKNΣ is also obtained by using a similar relation, which gives gKNΣ = 3.58.
Now, we are in a position to consider the resonance contributions. First, we write the EM and strong effective
Lagrangians with the hyperon resonance Σ∗:
LγΣΣ∗ = eΣ∗µ
[
igVγΣΣ∗
2MN
γνγ5 +
gTγΣΣ∗
(2MN )2
γ5∂ν
]
ΣFµν + h.c.,
LK∗NΣ∗ = i f
(1)
K∗NΣ∗
2MK∗
Nγνγ5Σ
∗µK∗µν +
f
(2)
K∗NΣ∗
(2MK∗)2
∂νNγ5Σ
∗µK∗µν −
f
(3)
K∗NΣ∗
(2MK∗)2
Nγ5Σ
∗µ∂νK∗µν + h.c.. (11)
In order to determine gV,TγΣΣ∗ , we need to know the experimental data for the Σ
∗ → Σγ radiative decay. However,
only the upper limits of the hyperon decay rates are known [33]. Moreover, Σ∗− → Σ−γ is known to be U -spin
forbidden, which means its decay rate vanishes in the exact SU(3) symmetry. On the other hand, these decay rates
were predicted within several different theoretical frameworks [34–39]. Since Ref. [38] has computed the hyperon
radiative decay rates as well as the E2/M1 ratio, we use the results of Ref. [38], so that we are able to extract gV,TγΣΣ∗
as follows:
gV+γΣΣ∗ = +2.66, g
T+
γΣΣ∗ = +0.74,
gV 0γΣΣ∗ = +1.10, g
T0
γΣΣ∗ = +0.55,
gV−γΣΣ∗ = +0.49, g
T−
γΣΣ∗ = −0.39. (12)
The coupling constant f
(1)
K∗NΣ∗ can be determined to be −5.21 by flavor SU(3) symmetry. Because of the lack of
experimental and theoretical information on f
(2,3)
K∗NΣ∗ , we do not consider them for brevity in the present work.
In addition to the hyperon resonances, we now include the s-channel resonance contributions. Here, we consider
the D13(2080), S11(2090), G17(2190), and D15(2200) for the nucleon and S31(2150), G37(2200), and F37(2390) for the
delta resonances, which are located near the threshold of K∗Σ photoproduction. The relevant EM Lagrangians for
those baryon resonances can be written as
LγNR
1/2±
=
eh1
2MN
NΓ(∓)σµν∂
νAµR+ h.c.,
5Resonance Gs,l g1 ΓR A1 A3 h1 h2
N∗ D13(2080) −0.5 −0.238 300 −0.020 +0.017 +0.608 −0.620
S11(2090) −0.9 ∓0.909 300 +0.012 · · · +0.055 · · ·
G17(2190) −0.3 +5.63 300 −0.034 +0.028 +7.69 −7.17
D15(2200) +0.2 +1.11 300 −0.002 −0.006 +0.123 +0.011
∆∗ S31(2150) −4.8 +2.54 300 +0.004 · · · +0.018 · · ·
G37(2200) +0.5 ±8.32 300 +0.014 −0.004 −2.31 +2.47
F37(2390) +0.6 +5.02 300 +0.024 +0.030 −1.89 −1.54
Y ∗ Σ∗(1385, 3/2+) · · · · · · · · · · · · · · · · · · · · ·
TABLE I. Parameters for the resonances in Eqs. (13) and (15). The decay amplitudes G(s, l) are computed from Ref. [25]. The
full decay widths ΓR [MeV] and helicity amplitudes A1,3 [GeV
− 1
2 ] are taken from the experimental data [21] and theoretical
estimations [24]. The (+,−) sign of g1 for S11 corresponds to its decay to (K
∗0Σ+,K∗+Σ0).
LγNR
3/2±
= −ie
[
h1
2MN
NΓ(±)ν −
ih2
(2MN )2
∂νNΓ
(±)
]
FµνRµ + h.c.,
LγNR
5/2±
= e
[
h1
(2MN)2
NΓ(∓)ν −
ih2
(2MN)3
∂νNΓ
(∓)
]
∂αFµνRµα + h.c.,
LγNR
7/2±
= ie
[
h1
(2MN)3
NΓ(±)ν −
ih2
(2MN )4
∂νNΓ
(±)
]
∂α∂βFµνRµαβ + h.c., (13)
where R stands for the field corresponding to the nucleon and delta resonances R = (N∗,∆∗) with spin and parity
given. Γ(±) and Γ
(±)
ν in Eq.(13) are defined as
Γ(±) =
(
γ5
1
)
, Γ(±)µ =
(
γµγ5
γµ
)
. (14)
The coupling constants are determined by using the experimental data for the helicity amplitudes [21, 22] and the
quark-model predictions of Ref. [22, 24]. Those for the strong interactions are given as
LK∗ΣR
1/2±
= − 1
2MN
R
[
g1
(
± Γ
(∓)
µ Σ∂2
MR ∓MN − iΓ
(∓)∂µ
)
− g2Γ(∓)σµνΣ∂ν
]
K∗µ + h.c.,
LK∗ΣR
3/2±
= iRµ
[
g1
2MN
ΣΓ(±)ν ∓
ig2
(2MN)2
∂νΣΓ
(±) ± ig3
(2MN )2
ΣΓ(±)∂ν
]
K∗µν + h.c.,
LK∗ΣR
5/2±
= Rµα
[
g1
(2MN )2
ΣΓ(∓)ν ±
ig2
(2MN )3
∂νΣΓ
(∓) ∓ ig3
(2MN)3
ΣΓ(∓)∂ν
]
∂αK∗µν + h.c.,
LK∗ΣR
7/2±
= −iRµαβ
[
g1
(2MN )3
ΣΓ(±)ν ∓
ig2
(2MN )4
∂νΣΓ
(±) ± ig3
(2MN)4
ΣΓ(±)∂ν
]
∂α∂βK∗µν + h.c., (15)
where MR is the corresponding resonance mass. The strong coupling constants in Eq. (15) can be determined from
the theoretical estimations for the partial-wave decay amplitudes [25]:
ΓR→K∗Σ =
∑
s,l
|G(s, l)|2, (16)
where ΓR→K∗Σ is the decay width of R → K∗Σ. The values for the partial-wave coupling strengths G(s, l) can be
found in Ref. [25]. Since the purpose of the present work is to investigate the role of resonances near the threshold,
it is enough to take into account the contributions of the lower partial waves. Hence, we consider only the g1 terms
in Eq. (15), employing only the lowest partial-wave contribution for G(s, l). Using Eq. (16) and the prediction of
Ref. [25], we then can compute the strong coupling constants for the resonances. The signs of these strong coupling
constants are determined by fitting the experimental data [12, 14], as will be shown in the next section. We list all
the parameters of the resonances in Table I.
The form factors are included in a gauge-invariant manner, so that the invariant amplitudes can be expressed as
M = [Melecs(N) +Mu(Σ)]F 2com +Mmags(N)F 2N +Mt(K)F 2K +Mt(κ)F 2κ +Ms(∆)F 2∆
+Mu(Σ∗)F 2Σ∗ +Ms(N∗)F 2N∗ +Ms(∆∗)F 2∆∗ (17)
6for the K∗0Σ+ channel and
M = [Mt(K∗) +Melecs(N) +Mc]F 2com +Mmags(N)F 2N +Mt(K)F 2K +Mt(κ)F 2κ +Ms(∆)F 2∆
+Mu(Λ)F 2Λ +Mu(Σ)F 2Σ +Mu(Σ∗)F 2Σ∗ +Ms(N∗)F 2N∗ +Ms(∆∗)F 2∆∗ (18)
for the K∗+Σ0 channel, respectively. The explicit expressions for each invariant amplitude can be found in Appendix.
The common form factor Fcom and those for the off-mass shell meson (Φ) and baryon (B) vertices are written
generically as
Fcom = FNFΣ(K∗) − FN − FΣ(K∗), FΦ =
Λ2Φ −M2Φ
Λ2Φ − q2
, FB =
Λ4B
Λ4B + (q
2 −M2B)2
, (19)
where q denotes the off-shell momentum of the relevant hadron in each kinematic channel [26–28]. For the mesonic
(Φ = κ,K,K∗) and baryonic (B = N,∆,Λ,Σ,Σ∗, R) vertices, we consider different types of form factors with the
cutoff masses ΛΦ and ΛB.
III. NUMERICAL RESULTS
In this section, we present and discuss the numerical results. All the calculations are performed in the center-of-mass
(CM) frame. The cutoff masses for the phenomenological form factors in Eq. (19) are determined to reproduce the
experimental data for the total and differential cross sections for the K∗0Σ+ channel from the CBELSA/TAPS [12]
and CLAS [14] collaborations. The determined cutoff masses are listed in Table II.
ΛΦ for t-channel ΛB for s-channel ΛB for u-channel
ΛK∗ ΛK Λκ ΛN Λ∆ ΛN∗ Λ∆∗ ΛΛ ΛΣ ΛΣ∗
0.80 GeV 1.15 GeV 1.15 GeV 1.50 GeV 1.50 GeV 1.00 GeV 1.00 GeV 0.70 GeV 0.95 GeV 0.95 GeV
TABLE II. Cutoff masses for the form factors in Eq. (19) for each channel.
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FIG. 2. (Color online) Total cross sections for γp→ K∗0Σ+ as functions of the photon energy Eγ in the left panel. The black
circles denote the CBELSA/TAPS data [12], whereas the open squares represent the estimated values extracted from the CLAS
data [14]. The total cross sections for γp→ K∗+Σ0 are given in the right panel with the same notation.
We draw the numerical results for the total cross sections for the K∗0Σ+ channel in the left panel of Fig. 2 in
which the K-exchange, κ-exchange, and ∆-pole contributions are depicted in dot-dot-dashed, dash-dash-dotted, and
dot-dashed curves, separately. The solid one designates the total cross section with all contributions included. The
black circles denote the CBELSA/TAPS [12] data. We estimate the total cross sections from the CLAS data [14]
for the differential cross sections, which are represented by the open squares, based on the interpolating polynomial
method to the fourth order. Our result shown by the solid line is in a good agreement with the CBELSA/TAPS
data up to around Eγ ∼ 2.1 GeV. While the present results seem to be underestimated as Eγ increases, they are
7found to be closer to the estimation from the CLAS data. We have tried to reproduce the CLAS data rather than
those of CBELSA/TAPS because there exists more experimental information for the wider photon energy region,
Eγ = (1.925-2.9125). It turns out that the K exchange and the ∆(1232)-pole contributions can only describe the
experimental data for the γp → K∗0Σ+ total cross section as shown in the dashed curve, which indicates that the
baryon-resonance contributions are almost negligible.
In the right panel of Fig. 2, we show the results of the total cross section for the γp→ K∗+Σ0 process. Note that its
production strength is a little smaller than that of the γp→ K∗0Σ+ one. Though the isospin factor of the K∗+Σ0∆+
vertex is larger than that of theK∗0Σ+∆+ one, i.e. IK∗+Σ0∆+/IK∗0Σ+∆+ =
√
2, the t channel plays a prominent role in
the K∗0Σ+ process compared with the K∗+Σ0 one as shown in Fig. 2. The other N∗, ∆∗ and hyperon resonances have
minute effects on the K∗+Σ0 production, similar to the K∗0Σ+ one. Thus, all other resonances except for ∆(1232)
seem to be unimportant in describing the unpolarized cross sections for K∗Σ photoproduction. However, even though
these resonance contributions are negligibly small, we will see later that they play certain roles in the polarization
observables. In particular, they exhibit more sensitive angular dependence than other contributions. These features
are obviously distinguished from the K∗Λ photoproduction previously examined in Ref. [19]. We also verified that
with a different set of the strong coupling constants such as those from the Nijmegen potential (NSC97f) [23], we
reached the same conclusion.
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FIG. 3. (Color online) N∗ and ∆∗ resonance contributions to the total cross sections for γp → K∗0Σ+ as functions of the
photon energy Eγ in the left panel and for γp→ K
∗+Σ0 in the right panel with the same notation, respectively.
Since the N∗ and ∆∗ resonances have effects on the polarization observables as we have mentioned already, it
is necessary to scrutinize them. In Fig. 3, we draw each contribution of the N∗ [D13(2080), S11(2090), G17(2190)]
and ∆∗ [S31(2150), F37(2390)] resonances to the total cross section. Though we computed the contributions of the
D15(2200) and G37(2200), we did not show them in Fig. 3, because they are almost negligible. As expected, the
magnitude of the resonance contributions is about 100 times smaller than that of the Born term contributions. This
feature of higher N∗ and ∆∗ resonances is very different from the case of K∗Λ photoproduction [19], which ensues
from the fact that the strong coupling constants of Σ to these resonances are much smaller than those of Λ to them
according to the SU(6) quark-model calculations [25]. Explicitly comparing Table I in this work with Table III in
Ref. [19], one can verify, for example, gK∗ΣD13/gK∗ΛD13 ∼ 1/7 due to the different isospin factors.
Figure 4 depicts the numerical results for the differential cross sections dσ/d cos θ for theK∗0Σ+ channel as functions
of cos θ. The experimental data are taken from the CBELSA/TAPS [12] (black circle) and CLAS [14] (open square)
collaborations measured in the range of the photon energy Eγ = (1.925-2.9125) GeV. Note that there is almost no
effect from other N∗ and ∆∗ resonances, but our total results reproduce the data qualitatively well. Theoretically,
the t-channel contributions such as κ and K exchanges enhance the differential cross section in the forward direction.
Although we did not show it explicitly in the present work, we checked that K∗ exchange did not contribute to the
results in the forward direction. We note that the ∆-pole and u-channel Born contributions are responsible for the
enhancement in the backward angle.
We also illustrate the differential cross sections for the γp → K∗+Σ0 process in Fig. 5 in the same manner as in
Fig. 4. As understood from Fig. 2, the overall strengths of the differential cross sections are smaller than those of the
K∗0Σ+ channel. Since there are the K∗ exchange, the Λ exchange, and the contact term in addition to other diagrams
so as to satisfy the WT identity, the angular dependence of the differential cross sections for K∗+Σ0 photoproduction
turns out to be rather different from those for K∗0Σ+. Though there is some t-channel contribution to the differential
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FIG. 4. (Color online) Differential cross sections for γp → K∗0Σ+ as functions of cos θ for different photon energies (Eγ) in
the range (1.925-2.9125) GeV. The dotted curve shows the t-channel effects (K and κ exchanges), whereas the dot-dashed one
draws the ∆-pole contribution. The solid one represents the total result. The experimental data of the CBELSA/TAPS and
CLAS collaborations are taken from Refs. [12] and [14], respectively.
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FIG. 5. (Color online) Differential cross sections for γp → K∗+Σ0 as functions of cos θ for different photon energies (Eγ) in
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draws the ∆-pole contribution. The solid one represents the total result.
cross section in the forward direction, the ∆ exchange becomes dominant.
We are now in a position to discuss the single-polarization observables. The photon-beam Σγ , recoil Py , and target
Ty asymmetries are defined as follows [40]:
Σγ ≡
dσ(ǫ⊥)− dσ(ǫ‖)
dσunpol.
, Py ≡
dσ(sΣy =
1
2 )− dσ(sΣy = − 12 )
dσunpol.
, Ty ≡
dσ(sNy =
1
2 )− dσ(sNy = − 12 )
dσunpol.
, (20)
where dσunpol. stands for the unpolarized differential cross section. These polarization observables satisfy the following
conditions in the collinear limit
Σγ = Py = Ty = 0 at cos θ = ±1. (21)
Throughout the present work, we define the reaction plane by the x-z axes. Thus, the y axis is perpendicular to the
reaction plane. The photon polarization vectors ǫ⊥ and ǫ‖ are defined in Appendix, while s
B
y indicates the spin of a
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FIG. 6. (Color online) In the upper panel, photon-beam asymmetry Σγ for γp → K
∗0Σ+ as functions of cos θ in the range
of Eγ = (2.075-2.9125) GeV. The solid and dashed curves represent the results with and without the resonance contributions,
respectively. In the lower panel, photon-beam asymmetry Σγ for γp→ K
∗+Σ0 with the same notation.
baryon B along the y direction.
In Fig. 6, we depict the numerical results of Σγ for K
∗0Σ+ in the upper panel and for K∗+Σ0 in the lower panel as
functions of cos θ in the range of Eγ = (2.075-2.9125) GeV. It is found that the N
∗ and ∆∗ resonances do not much
affect the Σγ for both K
∗+Σ0 and K∗0Σ+ photoproductions, which was already seen for the differential cross sections
as shown in Figs. 4 and 5. While κ and K exchanges govern the K∗0Σ+ production mechanism because of their large
magnetic couplings, the ∆-pole contribution in the s channel pulls down Σγ to the negative direction. The effect of
the ∆-pole contribution becomes larger as Eγ increases. The dependence of Σγ on cos θ is more complicated in the
case of the K∗+Σ0 production, in particular, for higher Eγ , as illustrated in the lower panel of Fig. 6.
In the upper panel of Fig. 7, we draw the photon-beam asymmetries for K∗0Σ+ photoproduction with and without
N∗ and ∆∗ resonances in order as functions of Eγ , the scattering angle being varied between θ = 0
◦ and θ = 180◦. In
the lower panel, Σγ for the K
∗+Σ0 channel is depicted in the same notation as the γp→ K∗0Σ+ process. Though the
effects of the N∗ and ∆∗ resonances seem to be small, one can see a slight change of Σγ as Eγ increases. In particular,
the influence of the higher resonances is more clearly revealed in the intermediate angles (60◦ . θ . 120◦), in the
case of the K∗+Σ0 channel.
In the upper panel of Fig. 8, the recoil asymmetries Py for γp→ K∗0Σ+ are presented as functions of cos θ in the
range of the photon energy Eγ = (2.075-2.9125) GeV. The solid and dashed curves illustrate the results of Py with and
without the N∗ and ∆∗ resonances. We observe that the higher resonances have some effects on Py, in contradiction
to the case of Σγ . Since those resonances we have considered have rather large spins, their effects on recoil and target
asymmetries defined as the subtraction between the polarized differential cross sections with opposite spin directions
of the baryons involved are expected to be natural. Moreover, the contributions of the N∗ resonances are amplified
as Eγ increases, as shown in the upper panel of Fig. 8. In the lower panel of Fig. 8, Py for K
∗+Σ0 photoproduction is
depicted. In this case, the effects of the higher resonances are mild in the lower Eγ region. However, as Eγ increases,
Py starts to show again some dependence on the scattering angle.
Figure 9 draws Py as functions of Eγ for the K
∗0Σ+ channel in the upper panel with and without the N∗ and ∆∗
resonances in order and for the K∗+Σ0 channel in the lower one in the same way. The scattering angle is changed
from 0◦ to 180◦. When the higher resonances are turned off, Py is in general almost independent of Eγ . However,
including the higher resonances, we find that Py at θ = 60
◦ for the K∗0Σ+ channel starts to rise until Eγ ≈ 2.2GeV
and then falls off slowly, as Eγ increases. On the other hand, Py at θ = 60
◦ for the K∗+Σ0 channel begins to increase
around 2.1GeV and then saturates around 2.5GeV.
Finally, we provide the numerical results for the target asymmetries Ty in Fig. 10 as functions of cos θ in the same
manner as in Fig. 8. As shown in Fig. 10, the effects of the higher resonances on Ty tend to be very similar to those
on Py. Interestingly, however, we find that the phases of the Ty curves for the K
∗0Σ+ and K∗+Σ0 are opposite to
each other. The dependence of Ty on Eγ is shown in Fig. 11 in the same way as Fig. 9. Again, it turns out that the
higher resonance contributions become obvious around Eγ = (2.0 ∼ 2.5) GeV, due to the similar reason for Py.
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FIG. 7. (Color online) In the upper panel, photon-beam asymmetries Σγ for γp → K
∗0Σ+ with and without N∗ and ∆∗
resonances are drawn in order as functions of the photon energy Eγ , the scattering angle being changed from 0
◦ to 180◦. In
the lower panel, those for γp→ K∗+Σ0 are shown with and without the resonance contributions, respectively.
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FIG. 8. (Color online) Recoil asymmetries Py for K
∗Σ photoproduction as functions of cos θ in the range of the photon energy
Eγ = 2.075-2.9125 GeV. In the upper and lower panels, Py is drawn for the K
∗0Σ+ and K∗+Σ0 productions, respectively. The
solid and dashed curves stand for the results with and without the N∗ and ∆∗ resonances, respectively.
IV. SUMMARY AND CONCLUSION
We have investigated K∗Σ(1193) photoproduction, employing the effective Lagrangian approach at the tree-level
Born approximation. In addition to the Born diagrams, which satisfy the WT identity with the phenomenological form
factors, we took into account the baryon-resonance contributions in the s and u channels. All the model parameters
were determined by using experimental and theoretical information, reproducing the available experimental data for
the present reaction process. We summarize important observations in the present work as follows:
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FIG. 9. (Color online) In the upper panel, recoil asymmetries Py for γp→ K
∗0Σ+ with and without N∗ and ∆∗ resonances are
drawn in order as functions of the photon energy Eγ , the scattering angle being changed from 0
◦ to 180◦. In the lower panel,
those for γp→ K∗+Σ0 are shown with and without the resonance contributions, respectively.
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FIG. 10. (Color online) Target asymmetries Ty for K
∗Σ photoproduction as functions of cos θ in the range of the photon energy
Eγ = (2.075-2.9125) GeV. In the upper and lower panels, Ty are drawn for the K
∗0Σ+ and K∗+Σ0 productions, respectively.
The solid and dashed curves stand for the results with and without the N∗ and ∆∗ resonances, respectively.
(i) The unpolarized production strengths for K∗0Σ+ and K∗+Σ0 photoproductions are negligibly affected by the
resonance contributions. In other words, the total production rate is dominated by the Born diagrams such as
the ∆-pole and K exchanges, as far as we rely on presently available experimental and theoretical information
for the resonances taken into account. This tendency is obviously different from those for KΛ(1116) [4] and
K∗Λ(1116) [19] photoproductions. The total cross section of the γp → K∗+Σ0 process turns out to be a little
smaller than that of γp→ K∗0Σ+, because of the isospin factors and the coupling constants.
12
2 2.5 3
Eγ [GeV]
−0.4
−0.2
0
0.2
0.4
T y
θ=0°
θ=60°
θ=120°
θ=180°
without N*& ∆∗ 
2 2.5 3
Eγ [GeV]
−0.4
−0.2
0
0.2
0.4
T y
θ=0°
θ=60°
θ=120°
θ=180°
total
2 2.5 3
Eγ [GeV]
−0.4
−0.2
0
0.2
0.4
T y
θ=0°
θ=60°
θ=120°
θ=180°
without N*& ∆∗ 
2 2.5 3
Eγ [GeV]
−0.4
−0.2
0
0.2
0.4
T y
θ=0°
θ=60°
θ=120°
θ=180°
total
FIG. 11. (Color online) In the upper panel, target asymmetries Ty for γp→ K
∗0Σ+ with and without N∗ and ∆∗ resonances
are drawn in order as functions of the photon energy Eγ , the scattering angle being changed from 0
◦ to 180◦. In the lower
panel, those for γp→ K∗+Σ0 are shown with and without the resonance contributions, respectively.
(ii) The angular dependences of the K∗0Σ+ channel are qualitatively well reproduced in comparison with the
CLAS [14] experiment data, showing that the main dependence comes from the the ∆-pole and K exchanges.
On the contrary, that of the K∗+Σ0 channel is dominated by the ∆-pole contribution in the s channel, showing
rather flat curves.
(iii) The single-polarization observables such as recoil and target asymmetries Py and Ty are mainly described by the
N∗ and ∆∗ resonances, though their effects are almost invisible in the cross sections. The reason lies in the fact
that the generic Born and ∆(1232)-exchange contributions play a minor role in the polarized observables. On the
contrary, it is difficult to see the resonance contributions in the transversely polarized photon-beam asymmetry
Σγ , since the electric and magnetic coupling strengths for the γNR, where R ≡ (N∗,∆∗, Y ∗), are qualitatively
similar to each other.
(iv) In the present work, we used the experimental data from the Particle Data Group (PDG) book of 2010. In the
latest version of 2012, however, the prediction for the electromagnetic properties of some nucleon resonances, i.e.
D13(2080), S11(2090), and D15(2200), have been updated. In the PDG 2012, these resonances are nominated
as D13(1875), S11(1895), D15(2060), and D13(2120). We have repeated our calculation by including the latter
two resonances, by observing that the effect of the former two is not important because they locate far lower
than the threshold. In doing so, we used the new values of the photon helicity amplitude, but the same strong
coupling constants as those of D15(2200) and D13(2080). Then, we come to the conclusion that the effects of
resonances are within 15% in comparison with the total results.
As noted above,K∗Σ(1193) photoproduction manifests obviously different features of the resonance contributions in
comparison with other strangeness productions. The present theoretical results, in particular, the single-polarization
observables will provide useful guides for future experiments in understanding the role of higher resonances in photopro-
ductions, which can be measured by the CLAS, LEPS, and CBELSA/TAPS collaborations. The double polarization
observables such as the polarization transport coefficients Cx,y [41, 42] are under progress and appear elsewhere.
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APPENDIX
The scattering amplitude for K∗Σ(1193) photoproduction can be written as follows:
M = ε∗ν u¯ΣMµνuN ǫµ, (22)
where the Dirac spinors of the nucleon and Λ are denoted by uN and uΣ, respectively, and ǫµ and εµ represent the
polarization vectors for the photon and the K∗, respectively:
ǫµ =
{
ǫ‖ = (0, 1, 0, 0)
ǫ⊥ = (0, 0, 1, 0)
, εµ =
{ ε1 = (0, cos θ, 0,− sin θ)
ε2 = (0, 0, 1, 0)
ε3 =
1
MK∗
(kK∗ , EK∗ sin θ, 0, EK∗ cos θ)
, (23)
satisfying ǫ2 = ε2 = −1, and otherwise zero.
The relevant invariant amplitudes for each kinematic channel without (N∗,∆∗) are given as follows:
Mµνc = −
ieK∗gK∗NΣκK∗NΣ
2MN
σµν ,
Mµν
t(κ) =
−2gγK∗κgκNΣ
t− (Mκ − iΓκ/2)2 (k1 · k2g
µν − kν1kµ2 ),
Mµν
t(K) =
igγKK∗gKNΣ
t−M2K
ǫµναβk1αk2βγ5,
Mµν
t(K∗) =
eK∗gK∗NΣ
t− (MK∗ − iΓK∗/2)2 (2k
µ
2 g
να − kα2 gµν + kν1gµα)
[
gαβ − (k1 − k2)α(k1 − k2)β
M2K∗
]
×
[
γβ − iκK∗NΣ
2MN
σβδ(k1 − k2)δ
]
,
Mµν
s(N) =
gK∗NΣ
s−M2N
[
γν − iκK∗NΣ
2MN
σναk2α
]
(/k1 + /p1 +MN )
[
eNγ
µ +
ieκN
2MN
σµβk1β
]
,
Mµν
s(∆) =
fK∗∆Σ
s− (M∆ − iΓ∆/2)2
e
2MK∗
γργ5(k
β
2 g
νρ − kρ2gνβ)∆βα
[
g1
2MN
γδ − g2
(2MN )2
p1δ
]
γ5(k
α
1 g
µδ − kδ1gµα),
Mµν
u(Σ) =
gK∗NΣ
u−M2Σ
[
eΣγ
µ +
ieκΣ
2MN
σµαk1α
]
(/p2 − /k1 +MΣ)
[
γν − iκK∗NΣ
2MN
σνβk2β
]
. (24)
Now, we write the corresponding invariant amplitudes for (N∗,∆∗) for each spin and parity:
Mµν
s(R)
(
1
2
±)
=
−ie
s−M2R
h1R1
(2MN)2
[
g1
M2K∗
MR ∓MN Γ
ν(∓) ∓ ig2Γ(∓)σνβk2β
]
(/k1 + /p1 +MR)Γ
(∓)σµαk1α,
Mµν
s(R)
(
3
2
±)
=
e
s−M2R
[
g1
2MN
Γ(±)ρ +
g2
(2MN)2
p2ρΓ
(±) − g3
(2MN )2
k2ρΓ
(±)
]
(kβ2 g
νρ − kρ2gνβ)
× ∆βα(R, k1 + p1)
[
µR3
2MN
Γ
(±)
δ ∓
µ¯R3
(2MN )2
Γ(±)p1δ
]
(kα1 g
µδ − kδ1gαµ),
Mµν
s(R)
(
5
2
±)
=
e
s−M2R
[
g1
(2MN)2
Γ(∓)ρ +
g2
(2MN)3
p2ρΓ
(∓) − g3
(2MN)3
k2ρΓ
(∓)
]
kβ22 (k
β1
2 g
νρ − kρ2ǫνβ1)
× ∆β1β2;α1α2(R, k1 + p1)
[
µR5
(2MN)2
Γ
(∓)
δ ±
µ¯R5
(2MN )3
Γ(∓)p1δ
]
kα21 (k
α1
1 g
µδ − kδ1gα1µ),
14
Mµν
s(R)
(
7
2
±)
=
e
s−M2R
[
g1
(2MN)3
Γ(±)ρ +
g2
(2MN)4
p2ρΓ
(±) − g3
(2MN)4
k2ρΓ
(±)
]
kβ22 k
β3
2 (k
β1
2 g
νρ − kρ2ǫνβ1)
× ∆β1β2β3;α1α2α3(R, k1 + p1)
[
µR7
(2MN )3
Γ
(±)
δ ∓
µ¯R7
(2MN )4
Γ(±)p1δ
]
kα21 k
α3
1 (k
α1
1 g
µδ − kδ1gα1µ),
Mµν
u(R)
(
3
2
+)
=
f
(1)
K∗NΣ∗
u−M2Σ∗
e
2MK∗
[
g1
2MN
γρ +
g2
(2MN)2
p2ρ
]
(kβ1 g
ρµ − kρ1gβµ)γ5∆βαγδγ5(kα2 gνδ − kδ2gαν),
(25)
where the definitions for Γ(±) are given in Eq. (14) and each of the decay widths of resonances is included by replacing
MR in the propagator with MR − iΓR/2. The spin-3/2, -5/2 and -7/2 Rarita-Schwinger spin projections in Eqs. (24)
and (25) are given by
∆βα(R, p) = (/p+MR)
[
−gβα + 1
3
γβγα +
1
3MR
(γβpα − γαpβ) + 2
3M2R
pβpα
]
,
∆β1β2;α1α2(R, p) = (/p+MR)
×
[
1
2
(g¯β1α1 g¯β2α2 + g¯β1α2 g¯β2α1)−
1
5
g¯β1β2 g¯α1α2 −
1
10
(γ¯β1 γ¯α1 g¯β2α2 + γ¯β1 γ¯α2 g¯β2α1 + γ¯β2 γ¯α1 g¯β1α2 + γ¯β2 γ¯α2 g¯β1α1)
]
,
∆β1β2β3;α1α2α3(R, p) = (/p+MR)
× 1
36
∑
P (α),P (β)
[
−g¯β1α1 g¯β2α2 g¯β3α3 +
3
7
g¯β1α1 g¯β2β3 g¯α2α3 +
3
7
γ¯β1 γ¯α1 g¯β2α2 g¯β3α3 −
3
35
γ¯β1 γ¯α1 g¯β2β3 g¯α2α3
]
. (26)
Here, we have used the following notations for convenience:
g¯αβ = gαβ − pαpβ
M2
, γ¯α = γα − pα
M2
/p. (27)
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